determine the optimal time for discontinuing continuous renal replacement therapy (CRRT) by evaluating factors predictive of successful discontinuation in patients with acute kidney injury. Analysis was performed for patients after CRRT was discontinued because of renal function recovery. Patients were divided into two groups according to the success or failure of CRRT discontinuation. In multivariate logistic regression analysis, urine output at discontinuation, creatinine level and CRRT duration were found to be significant variables (area under the receiver operating characteristic curve for urine output, 0.814). In conclusion, we found that higher urine output, lower creatinine and shorter CRRT duration were significant factors to predict successful discontinuation of CRRT.
Acute kidney injury is a common complication in critically ill patients, and mortality is related to its severity [1] [2] [3] . According to previous reports, approximately 6% of patients in intensive care units (ICUs) develop severe acute kidney injury (AKI), 4% of whom are treated with renal replacement therapy (RRT) 4, 5 . Continuous RRT (CRRT) is preferred over intermittent RRT because the former provides patients with circulatory stability.
Although CRRT is commonly used to treat critically ill patients with acute kidney injury in ICUs, very few studies have examined the conditions under which CRRT may be discontinued in these patients [6] [7] [8] . This situation is considerably different from that of weaning from mechanical ventilation, another form of mechanical support commonly provided in ICUs [9] [10] [11] . Based on limited available evidence, the relevant guidelines simply recommend that practitioners should "discontinue RRT when it is no longer required, either because intrinsic kidney function has recovered to a point where it is adequate to meet patient needs or because RRT is no longer consistent with the goals of care". However, no specific recommendations are provided in regard to the degree of recovery of kidney function 12 .
This lack of evidence and guidelines is an important issue considering the frequency with which CRRT is utilised in daily ICU practice and the necessity of discontinuing CRRT prior to patient transfer to the general ward. Therefore, in this multicentre, retrospective observational study we attempted to identify predictive factors for successful CRRT discontinuation.
Materials and methods
This multicentre, retrospective observational study was conducted at 14 ICUs in 12 Japanese hospitals. The study protocol was reviewed by the Ethics Committee or Investigational Review Board of each participating centre (ethics approval number in the first author's institution: 2011111502). Patients who were admitted to one of the participating ICUs between January 2010 and December 2010 were screened and included in this study if they were 18 years of age or older, had AKI and were receiving CRRT. Patients aged less than 18 years old, those receiving dialysis treatment before admission to the ICU and those with endstage renal failure who were on chronic dialysis were excluded.
Information on the following was collected for the patients included in this study: age, sex, body weight, premorbid creatinine level, reason for ICU admission, cause of AKI (sepsis, major surgery, cardiogenic shock, hypovolaemia, nephrotoxic drugs, post-renal acute kidney injury, or hepatic failure), Simplified Acute Physiology Score II 13 and baseline creatinine level. On initiation of CRRT, information on the following was obtained: the Sequential Organ Failure Assessment score 14 without renal system parameter (Non-renal SOFA), type of CRRT, use of vasopressors, mean arterial pressure, PaO 2 :FiO 2 ratio, PaCO 2 , HCO 3 − , lactate, creatinine, albumin, total bilirubin and urea levels, platelet count, International Normalized Ratio, use of mechanical ventilation, urine output and use of diuretics. At the time of CRRT discontinuation, information on the following was collected: Non-renal SOFA score, use of vasopressors, mean arterial pressure, use of mechanical ventilation, PaO 2 :FiO 2 ratio, HCO 3 , lactate, creatinine and urea levels, urine output and whether diuretics were used within the 24 hour period prior to cessation of CRRT. The date and time of CRRT initiation and discontinuation were recorded and duration of CRRT was calculated. Reasons for CRRT discontinuation were identified for each patient (death during CRRT, withdrawal of treatment, haemodynamic instability, switching to intermittent RRT or recovery of renal function). ICU and hospital outcomes were recorded. In this study, there were no predefined criteria to convert from CRRT to intermittent haemodialysis (IHD). There was also no standardised protocol for CRRT dosing in any institutions. Chronic kidney disease was defined as an estimated glomerular filtration rate of <60 ml/minute/1.73 m 2 15 .
All data were collected using an electronically prepared Excel-based collection tool, sent to the central office by email and screened in detail by a dedicated intensive care specialist for any missing information, logical errors or insufficient detail. Queries were sent back to investigators if necessary.
This cohort did not include patients for whom CRRT was terminated because of death, withdrawal of treatment or haemodynamic instability. Patients were then divided into either one of the following two groups: success group (free from RRT for 7 days after CRRT discontinuation) or failure group. Variables at study inclusion and CRRT initiation and discontinuation were compared between the two groups using the Fisher's exact test and Mann-Whitney U test. To determine factors relevant to successful CRRT discontinuation, multivariate logistic regression analysis was conducted with successful CRRT discontinuation as the dependent variable. All variables presented in Tables 1, 2 , and 3 with a significance level of P <0.2 were included as independent variables in the multivariate logistic regression analysis. A backward stepwise elimination process was used to remove insignificant variables (P >0.05). The ability of urine output to discriminate successful CRRT discontinuation was assessed using the area under the receiver operating characteristic curve 16 .
All analyses were performed using JMP 9 (SAS Institute Inc, Cary, NC, USA). Data are presented as medians and interquartile ranges (25th-75th percentiles) or percentages. A P value of <0.05 was used to define statistical significance.
Results
In total, 343 patients received CRRT during the study period. Among these, 89 died during CRRT, 34 had treatment withdrawn and seven became haemodynamically unstable. The remaining 213 patients were divided into the success (n = 116) and failure groups (n = 97) ( Figure 1 ). Table 1 shows the characteristics of the patients included in this study. A tendency toward lower creatinine levels was observed in patients in the success group (91 μmol/l versus 105 μmol/l, P=0.11), and the number of patients with cardiovascular diseases was significantly higher in the success group than in the failure group (44.0% versus 29.9%, P=0.035). Table 2 shows variables at the time of CRRT initiation. The mean arterial pressure was significantly lower (73 mmHg versus 78 mmHg, P=0.001), PaO 2 :FiO 2 ratio was significantly higher (251 mmHg versus 198 mmHg, P=0.013) and urine output was significantly greater (30 ml/hour versus 19 ml/hour, P=0.005) for patients in the success group than for those in the failure group. Table 3 shows variables at the time of CRRT discontinuation and outcomes. Patients in the success group exhibited significantly more frequent use of vasopressors and mechanical ventilation, higher urine output, lower creatinine and urea levels, and shorter CRRT duration compared with patients in the failure group. ICU mortality was 15.5% and 19.6% in the success and failure groups, respectively (P=0.43). Hospital mortality significantly differed between the groups (26.7% versus 42.3%, P=0.017). At hospital discharge, patients in the failure group exhibited a more frequent requirement for RRT compared with those in the success group (1.8% versus 13.4%, P <0.0001). Multivariate analysis revealed that urine output (odds ratio [OR] 1.09/100 ml/day, P <0.0001), creatinine level (OR 0.99/µmol/l, P <0.0001) and CRRT duration (OR 0.85/ day, P=0.0005) were significant predictors of successful CRRT discontinuation ( Table 4 ). The area under the receiver operating characteristic curve (AUROC) values for urine output, creatinine level at discontinuation and CRRT duration as a predictive factor were 0.814 (95% confidence interval [CI] 0.748-0.865), 0.727 (95% CI 0.654-0.790) and 0.695 (95% CI 0.618-0.762), respectively.
Discussion
In this study, among patients whose CRRT was discontinued (not terminated because of death, withdrawal of treatment or haemodynamic instability), urine output, creatinine level and CRRT duration were identified as significant predictors of successful CRRT discontinuation.
To the best of our knowledge, only three studies have previously evaluated factors related to CRRT 6 .
The second study was a post hoc analysis of the Beginning and Ending Supportive Therapy for the kidney study (the BEST kidney study) 5 for identifying variables associated with successful CRRT 7 . Among 529 patients in whom CRRT was discontinued, 313 were free from RRT for seven days after CRRT discontinuation. Multivariate logistic regression analysis for successful CRRT identified urine output (OR 1.078/100 ml/day) and creatinine level (OR 0.996/µmol/l) as significant predictors of successful CRRT. In the third study, a single-centre retrospective cohort study, 222 patients were evaluated to determine independent factors influencing restoration of kidney function during CRRT-free intervals.
Multivariate logistic regression analysis showed that the following three variables were useful to predict restoration of kidney function: number of previous CRRT cycles (OR 0.449/cycle), SOFA score (OR 0.449/score) and urine output during the first 8 hours after CRRT discontinuation (OR 1.026/ml/hour) 8 . In these three studies, urine output was consistently found to be a useful predictor of successful CRRT discontinuation. In the present study, we confirmed that urine output was related to successful CRRT discontinuation with prediction accuracy (AUROC 0.814) similar to that in the BEST kidney study (AUROC 0.845). We also found that the serum creatinine level was a significant and an independent predictive factor. However, although creatinine levels at CRRT discontinuation significantly differed between patients in the success and failure groups (133 versus 228 µmol/l, P <0.0001), this difference was small and its usefulness in the clinical setting is questionable (AUROC 0.727). Previous studies also identified the creatinine level as a predictive factor of successful CRRT discontinuation, but the accuracy of this factor was poor 6, 8 . This result is justifiable, considering that serum creatinine levels are affected by many factors (e.g., the timing of CRRT discontinuation, muscle mass).
Predictive factors for discontinuation of mechanical ventilation, another form of mechanical support commonly used in ICUs, has been extensively studied [9] [10] [11] [19] [20] [21] [22] . Because of the frequency with which CRRT is used in ICUs, further studies are required to identify useful parameters for predicting successful CRRT discontinuation. For example, two-hour creatinine clearance prior to CRRT discontinuation has been suggested as a useful predictor (AUROC 0.82) 17 . However, this finding must be confirmed in patients with anticipated recovery of renal function following discontinuation. This study has several limitations. First, this study is a retrospective observational study, which increases the potential for bias. In addition, because of the lack of standard criteria for CRRT discontinuation, clinical judgement about the optimal timing of treatment discontinuation was left to individual attending physicians. Third, we could not truly evaluate the group of patients who were not switched to IHD. Fourth, we did not distinguish the way of CRRT discontinuation such as medical decision or opportune moments. The exact timing of CRRT discontinuation (and also the variables at that time) would have been affected by opportune moments.
Despite these limitations, because the number of studies regarding the timing of CRRT discontinuation is limited, we believe our findings to be of value.
Conclusions
Higher urine output, lower creatinine and shorter CRRT duration were significant predictors among patients with successful discontinuation of CRRT in this study. More studies are required to identify useful indices for predicting successful dialysis discontinuation in patients with severe acute kidney injury.
